Abstract-Methods of X ray diffraction, transmission and scanning electron microscopy, and selected area electron diffraction (SAED) have been used to study the phase and elemental composition and structure of alloys close to the stoichiometric Ti 50 Ni 25 Cu 25 alloy. Based on the method of rapid quenching of the melt (free jet melt spinning), alloys of the quasi binary TiNi-TiCu section have been prepared, which in the ini tial as cast state exhibited the thermoelastic martensitic transformations B2 ↔ B19 and related shape mem ory effects. The chemical composition of the Ti 50 + x Ni 25 Cu 25 -x alloys was varied by changing titanium and copper concentrations within x ≤ ±1 at % (from Ti 49 Ni 25 Cu 26 to Ti 51 Ni 25 Cu 24 ). It has been established that quenching at a cooling rate equal to 10 6 K/s leads to the amorphization of all the alloys under consideration. Heating to 723 K and higher leads to the devitrification of the alloy with the formation of a nanocrystalline or submicrocrystalline structure of the B2 austenite. The mechanical properties of these alloys have been measured in the initial amorphous state and in the polycrystalline martensitic state. It has been shown that, depending on the extent of the deviations of the alloy composition from the stoichiometry, which cause the decomposition of the alloys in the process of nanocrystallization, regular changes are observed in their mechanical properties and in the shape memory effects. The kinetics of the processes of the devitrification of the alloys, as well of the forward and reverse martensitic transformations, have been studied, their charac teristic temperatures have been determined, and a diagram of the dependence of the characteristic tempera tures on the chemical composition of the alloys has been constructed.
INTRODUCTION
One of practically important discoveries of the 20th century was the discovery of thermoelastic mar tensitic transformations (TMTs) and related shape memory effects (SMEs), which are inherent in a novel class of functional and, simultaneously, structural materials [1, 2] . In this group of materials, the alloys based on titanium nickelide have the best complex of practically important characteristics: very high strength and plastic properties; uniquely high effects of thermomechanical memory; high reliability; high mechanothermal, mechanocyclic, and thermocyclic durability, weldability, corrosion resistance; biological compatibility, etc. [2] [3] [4] [5] [6] . These alloys have a relatively simple chemical composition and exhibit good tech nological efficiency from the viewpoint of metallurgi cal and subsequent production processing [2] [3] [4] [5] [6] .
Nevertheless, the application of these alloys in the conventional polycrystalline as cast state or after many well known heat or thermomechanical treat ments by no means always ensures high physicome chanical characteristics of articles required in practice. The necessity of obtaining substantially higher strength properties of the alloys in the form of small dimension semiproducts with the retention or even improvement of a complex of functional parameters of the SME has initiated one of the approaches, prima rily in the cases of ternary Ti-Ni-Cu alloys, that is based on the use of methods of ultrarapid quenching from the melt (RQM), in particular, the method of free jet melt spinning, to produce very long, very thin ribbons with an SME [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In our previous work [23] , we have studied the main specific features of the structure, phase and elemental composition, and properties of nonstoichiometric Ti 50 -x Ni 25 + x Cu 25 alloys (х ≤ ±1 at %) for the first time. To obtain these SME alloys in a high strength nano crystalline state in the form of thin ribbons, here, we again employed the method of free jet melt spinning. It has been shown that the RQM at a cooling rate of 10 6 K/s produces the amorphization of all these alloys. Heating to 723 K and higher temperatures leads to the devitrification of these alloys via polymorphous, pri mary, or eutectic mechanisms without a change or with a change in the chemical composition upon the formation of the polycrystalline structure of the B2 austenite, according to Hornbogen [24] . It has turned out that the polycrystalline Ti 50 -x Ni 25 + x Cu 25 alloys are homogeneous solid solutions or undergo phase separation and become precipitation hardening solutions depending on the extent of nonstoichiome try. On the contrary, in the Ti 50 Ni 25 Cu 25 alloy of sto ichiometric composition, the crystallization and sub sequent recrystallization occur without changes in the chemical composition. It has been revealed that, depending on the extent of the deviations of the alloy composition from stoichiometry in terms of titanium and nickel, which lead to the nanocrystallization and phase separation in these alloys, the mechanical prop erties and SMEs of the ribbons change in a regular man ner. In this case, the ultimate strength σ u and the yield stress σ 0.2 of the ribbons vary in a wide range, but the plasticity remains good, and the high values of the reac tive stress are retained (difference between the yield stress σ 0.2 and the phase martensitic pseudo yield stress σ m ), as well as of the satisfactory reversible deformation. The values of the critical temperatures of the start and finish of the devitrification of the alloys and of the for ward and reverse TMTs in them have been determined.
In this work, we performed a complex investigation of nonstoichiometric RQM alloys Ti 50 + х Ni 25 Cu 25 -x with a composition that was varied in terms of titanium and copper within x of up to ±1 at %.
EXPERIMENTAL
The ribbons of the alloys were prepared by the method of free jet melt spinning at a cooling rate v q = 10 5 and 10 6 K/s. For the investigations, ten RQM alloys of the Ti-Ni-Cu system have been selected, whose chemical composition deviated from the Ti 50 + х Ni 25 Cu 25 -x stoichiometry by changing titanium and copper concentrations in steps of ±0.25 at %. The samples, the thickness of which was varied from 25 to 60 μm by changing the regime of the setup for the rapid quenching from the melt, were studied both in the initial (as quenched) state and after nanocrystalli zation by annealing at 723 and 773 K for 10 min.
The electron microscopic investigations were per formed at the Electron Microscopy Center of Collab orative Access, Institute of Metal Physics, Ural Branch, Russian Academy of Sciences, using a scan ning electron microscope (Quanta 200, FEI Com pany, the Netherlands) and transmission electron microscopes (Tecnai G 2 30 Twin, FEI Company, the Netherlands; and JEM 200 CX, JEOL, Japan). For phase identification, the method of selected area electron diffraction (SAED) using standard selector diaphragms was employed. The chemical composition was controlled by the method of energy dispersive X ray analysis using EDAX spectrometers with which the microscopes of the FEI Company are equipped. The X ray diffraction investigations were performed by the θ/2θ method in the reflection mode using a DRON 3M diffractometer in Cu Kα radiation mono chromatized by a graphite single crystal. The X ray diffraction investigations were performed upon heat ing in situ using a standard GPVT 2000 high temper ature vacuum attachment. The electrical resistivity was measured in situ in the temperature range of 100-770 K on samples shaped as rectilinear ribbons 40 mm long. The rates of heating and cooling of the samples were 2.5 K/min. The mechanical strength and plastic characteristics were measured using tensile tests at room temperature in an Instron tensile machine. The microhardness was determined using a PMT 3M device with a diamond indentation pyramid. To esti mate the deformation characteristics of the SME in the produced RQM alloys, the effect of bending defor mation on the degree of shape recovery upon heating was studied.
RESULTS AND DISCUSSION
The X ray diffraction and electron microscopic investigations have shown that all the samples of the Ti 50 + x Ni 25 Cu 25 -x alloys after RQM at a rate v q = 10 6 K/s (in contrast to quenching at a rate of 10 5 K/s) at room temperature are in amorphous state. Figure 1 presents fragments of typical X ray diffraction patterns of the alloys studied. The X ray diffraction patterns of amorphous alloys contain, near the expected positions of the Bragg reflections of the B2 austenite or B19 martensite, only diffuse and very wide maxima. The widest and most intense (Δ2θ reaches 10-12 deg, Fig. 1 , curve 1) diffuse maximum is located near the position of the first fundamental line 110 B2 . In electron micrographs and SAED patterns, a typical salt-pep per contrast and diffuse halos are observed, respec tively (Fig. 2) . In the dark field images taken using the diffuse halo, highly dispersed regions a few nanome ters in size are shining (Fig. 2b) . The X ray diffraction peaks against the background of diffuse maxima have been revealed only after annealing of the amorphous alloys at 673-693 K (Fig. 1, curve 2) ; after annealing at 773 K, they completely replace the diffuse maxima and have been identified as reflections of the B2 auste nite or B19 martensite (Fig. 1, curves 3 and 4 , respec tively).
The kinetics of the processes of the devitrification and subsequent TMT in the alloys, just as the charac teristic temperatures of the start (T s ) and finish (T f ) of crystallization upon heating from the amorphous state THE PHYSICS OF METALS AND METALLOGRAPHY Vol. 114
No. 8 2013 (obtained by RQM at a rate v q = 10 6 K/s) and the crit ical temperatures of the start and finish of the forward and reverse TMTs were determined mainly from the temperature dependences of the electrical resistivity ρ(Т) measured at a rate of heating equal to approxi mately 2 K/min. A typical example of this dependence is shown in Fig. 3 .
It follows from Fig. 3 that the isochronous anneal ing of an amorphous alloy at below ~570 K does not change the behavior of the ρ(Т) curve in the heatingcooling cycle, which indicates the absence of struc tural changes in the alloy. Further heating, however, leads to a sharp drop in the electrical resistivity in the range of 700-720 K. In the course of subsequent cool ing from 770 K, the decrease in the resistivity first con tinues; then, an increase occurs, followed by a decrease in ρ with the formation of narrow hysteresis upon the reverse heating, which indicates the presence of the B2 ↔ B19 TMT with the critical temperatures of the start and finish of the forward and reverse TMTs determined to be M s = 330 K, M f = 300 K, A s = 308 K, A f = 338 K.
Upon the further analysis of the results of investiga tions, the isothermal annealing at 723 K for 10 min was chosen as the main (the same for all the alloys) treatment. Based on the results of [23] , it was assumed that this treatment would reveal the effect of the chem ical composition (deviations from the stoichiometric composition) on the process of the devitrification and its main structural and morphological characteristics. As a consequence, the revealed regularities and, first of all, the structural mechanism of the crystallization of amorphous RQM ribbons would make it possible to explain the behavior of the physicomechanical prop erties and to develop principles of controlling the SME of the alloys under investigation.
The electron microscopic and electron diffraction investigations of the RQM alloys subjected to a heat treatment at 723 K for 10 min have shown the follow ing. The alloy of a stoichiometric composition Ti 50 Ni 25 Cu 25 at room temperature in the state of B19 martensite has a typical packet-pyramidal morphol ogy of lamellar pairwise twinned crystals (Fig. 4) . The orientation relationships (ORs) between the B19 mar tensite and B2 austenite are close to Bain ORs [23] (1) Analysis has shown that the average size of the ini tial B2 austenite grains that arise as a result of the above heat treatment is 1.0-1.5 μm. A noticeable decrease in the dimensions of grains of the B2 austenite is caused by deviations from stoichiometry in titanium and cop per at a fixed content of nickel (25 at %). At deviations by ±0.25, ±0.50, and ±0.75 at %, the average size of grains of the B2 austenite decreases to approximately 800-900, 500-600, and 250-300 nm, respectively (Figs. 5, 6). The B19 martensite partly retains its twinned substructure. In the alloys with the deviations in titanium and copper by 1 at %, the size of grains of the B2 austenite decreased to 20-30 nm (i.e., by a fac tor of 30-50 as compared to the alloy of stoichiomet ric composition Ti 50 Ni 25 Cu 25 ). Thus, the average size of nanocrystallites in the alloys with an excess or defi cit of titanium by 1 at % is close to 30 nm (Figs. 7, 8 were (mainly, judging from the SAED patterns and ρ(Т) data) in the state of the B19 martensite.
Thus, the annealing of amorphous alloys with a composition deviated by ±1 at % Ti or Cu from the sto ichiometric composition at 723 K for 10 min leads to their nanocrystallization (Figs. 7 and 8). In this case, the positions of reflections in the SAED patterns proved to be fundamentally different; their ringlike arrangement indicates that the nanocrystallites have an arbitrary distribution with respect to crystallo graphic orientations. It has been revealed that the martensite in the nanostructured alloys contains no planar defects (nanotwins or stacking faults). As was shown by the investigations performed, the micro structure of the alloys is characterized by a highly homogeneous distribution of the arising nanocrystals. As for the features of the diffraction contrast in the micrographs in the form of two arcs or rings (Figs. 7, 8) , we note that, following the theory of contrast, their origin appears to be related to the fields of elastic stresses near the boundaries of nanograins of the B19 martensite.
Passing now to a quantitative analysis of electron diffraction patterns, note that the RQM alloys studied appear to refer in their chemical composition to the class of decomposing solid solutions based on the atomically ordered B2 type compound Ti 50 Ni 25 Cu 25 in which one of the sublattices is occupied by titanium atoms and in the other sublattice the nickel and copper atoms are distributed in a random way. According to neutron diffraction data, the degree of long range atomic order η in this alloy is equal to 0.90 ± 0.05 [22] . No diagrams of phase equilibria in these ternary alloys have been revealed in the literature, except for the TiNi-TiCu quasi binary section.
In accordance with [24] , it would be reasonable to suppose that, in the process of low temperature heat treatments, and even more so upon devitrification, in the second phases of the studied nonstoichiometric alloys excess two component phases can be formed, such as Ti 3 Ni 4 , Ti 2 Ni, and TiCu, depending on the supersaturation of the Ti 50 Ni 25 Cu 25 solid solution by alloying elements. These phases are formed in the case when excessive concentrations of concrete chemical elements relative to the basic composition Ti 50 Ni 25 Cu 25 exist in the alloy. These elements have been revealed in the course of the identification of a number of SAED patterns. It has turned out that many reflections are nearly coincident, although there are also reflections that are noncoincident from the viewpoint of interpla nar spacings, which makes it possible to unambigu ously identify them. Thus, in alloys with a titanium concentration of 51 at %, two nanophases of the Ti 2 Ni and TiCu type have been revealed (Fig. 7, Table 1 ) and, in alloys with a titanium content of 49 at %, two nanophases of the Ti 3 Ni 4 and TiCu type have been found (Fig. 8) . It was difficult to identify their precip itation based on dark field images, since it is impossi ble to even separate their own closely spaced reflec tions. However, in the bimodal distribution of nanoc rystallites, the finer particles are apparently the precipitates of excessive phases. Table 1 contains the electron diffraction constant К of the instrument, the distance to the corresponding reflection r, the experi mentally calculated values of the interplanar spacings d р , the tabulated values of the interplanar spacings d t calcu lated using corresponding quadratic formulas, and the (b) (a) 100 nm 100 nm To refine the interpretation of the obtained data on the phase composition of the alloys (and, first of all, of the second phases), an amorphous alloy with greater deviations from the stoichiometry in both titanium and copper (Ti 52 Ni 25 Cu 23 ) has been prepared by the RQM method (using a quenching rate v q = 10 6 K/s). Figure 9 presents bright field and dark field images of the nanostructure and the corresponding SAED pat terns of this alloy after annealing at 723 K for 10 min. The calculations of the electron diffraction patterns showed that, after such heat treatment in the nanoc rystalline alloy Ti 52 Ni 25 Cu 23 , two phases should be present at room temperature, i.e., the matrix marten site (B19) and a second phase Ti 2 Ni. Thus, this exper iment additionally confirms the formation of second phases in nonstoichiometric alloys upon their nanoc rystallization from the amorphous state.
Based on the concepts developed by Hornbogen [24] , it can be assumed that, in the amorphous alloy Ti 50 Ni 25 Cu 25 , upon heat treatment, polymorphous or massive directional crystallization occurs, in which the chemical compositions of both phases, i.e., both the amorphous phase and crystalline B2 phase, remain almost unaltered. In the alloys that differ only insignif icantly from the stoichiometric composition in terms of titanium and copper under the same conditions of heat treatment, the crystallization is accompanied by the refinement of the grain structure to submicron dimensions, i.e., their grain size decreases twofold or threefold compared to the stoichiometric alloy; how ever, no second phases have been revealed and, at room temperature, only B19 martensite was identi fied. It is obvious that the slowing down of the rate of crystal growth up to their mutual joining is mainly caused by the effect of the concentration gradients of those chemical elements in which the alloy is weakly supersaturated relative to Ti 50 Ni 25 Cu 25 ; their supersat uration is partly eliminated inside B2 crystallites, whereas, around these crystallites, the concentration of these elements is excessive. Therefore, unlike the case of massive crystallization, the development of this mechanism, which is called "primary crystallization" and occurs with a change in the chemical composition [23, 24] , is slowed down somewhat and, since the number of nuclei will increase upon heat treatment, in the final account, the crystallization is completed by an increase in the dispersity of the grain structure. The continuation of heat treatment after the exhaustion of both polymorphous and primary crystallization can lead to the subsequent preferentially heterogeneous decomposition.
In the alloys that are supersaturated to a greater extent with respect to the Ti 50 Ni 25 Cu 25 alloy (as was found, upon a deviations from stoichiometry by ±1 at % or greater), the mechanism of crystallization is accompanied by phase decomposition with the forma tion of excessive phases, e.g., via a eutectic reaction [23, 24] . In this case, the devitrification occurs with out any intermediate via a complex mechanism with the formation of a highly disperse metastable globular nanoduplex (two phase), nanotriplex (three phase), or nanocomplex (multiphase) morphology of the mix ture of a Ti(Ni,Cu) phase (B2' type) and TiCu, Ti 2 Ni, and Ti 3 Ni 4 phases. Generally speaking, in the case of all of the above described mechanisms of crystalliza tion, after its completion, the structural state in the B2 alloys under consideration remains nonequilib rium with respect to both the chemical and the phase composition, as well as to the dimensional and mor phological characteristics. Therefore, during the sub sequent heat treatment, secondary processes of recrys tallization of the matrix B2 phase, as well as of the evo lution of both excessive phases and mechanisms of decomposition, e.g., via a changeover from the heter ogeneous mechanism of their nucleation to a homoge neous mechanism, will unavoidably develop.
The dimensions and the chemical composition of grains of the B2 matrix, as well as the types and dimen sions of excessive phases in the TiNi based alloys determine the specific features of the TMTs and related physicomechanical properties and SMEs, including their force, deformational, and temperature parameters. Here, it is important to note that the revealed dependences of the martensitic points, mechanical properties and SMEs on the chemical nonstoichiometry of the Ti 50 Ni 25 Cu 25 type alloys have a more complex nature caused by the nanosize effect due to the refinement of the grain structure in the pro cess of crystallization, which is in turn determined by the barrier chemical or phase effect.
The tensile tests of the mechanical properties of RQM alloys at room temperature have shown the fol lowing. Under tension, the amorphous alloys undergo brittle fracture; the stage of strain hardening is nearly absent in them, but the elastic deformation at fracture reaches δ el = 4% in them. As a rule, the stress-strain diagrams are linear. The ultimate tensile strength of the alloys of stoichiometric composition is equal to 1200 MPa and increases up to 1800 MPa with the devi ation from the stoichiometry by ±1 at %. The same RQM alloys after additional annealing at 723 K for 10 min have a different grain structure and phase com position. Depending on the chemical composition (and degree of nonstoichiometry), the deformation related yield stress σ 0.2 changes from 680 to 1200 MPa, the ultimate tensile strength σ u changes from 850 to 1550 MPa, and the reactive stress σ r changes from 620 to 1110 MPa (Fig. 10, Table 2 ). The relative elongation δ is retained within 10-12%, and the length of the pla teau of the phase pseudoyield, which is caused by the (b) (a) 500 nm 500 nm pseudo elastic deformation of martensite ε pel , some what changes (from 3 to 5%). The limit of phase martensitic pseudoyield σ m also increases, though to a lesser extent (from 60 to 90 MPa), remaining less than σ 0.2 by an order of mag nitude. Since the temperatures of the start of the for ward TMT, M s , and, as a rule, of the finish of the TMT, M f , of these alloys are close to or exceed room temper ature, the alloys are already in the martensitic state. Their anelastic deformation at a stress equal to the limit of the martensitic pseudo elastic deformation σ m is implemented at the pseudo yield plateau, mainly via the pseudo elastic reorientation of martensitic crystals in the direction of the acting force [1] [2] [3] [4] [5] .
The microhardness of amorphous alloys has high values (7000-7500 MPa), whereas the microhardness of the crystalline alloys of the same composition is sig nificantly less (3000-5000 MPa). The deformation characteristics of the SME of the alloys are shown in Fig. 11 . It can be seen that the complete restoration of the shape (S = 100%) of the sample that has been bent at room temperature occurs after deformation γ up to 4-5%. After greater degrees of deformation (γ = 6-7%), the magnitude of S decreases to 80-70%. A fur ther increase in deformation (to γ = 8%) leads to the brittle fracture of the ribbon upon bending.
The temperature dependences of the electrical resistivity ρ(Т) measured in this work have been sys temized in the form of a diagram of the TMTs (depen dences of the critical temperatures of the start and fin ish of the forward and reverse TMTs on the magnitude of х, which characterizes the degree of nonstoichiom etry of the chemical composition of the alloys) shown in Fig. 12 . It has been established that the deviations of the chemical composition of the alloys of the quasi binary section TiNi-TiCu from stoichiometry in tita nium and copper leads to changes in the critical tem peratures. Both with increasing titanium concentra tion (to 51 at %) and decreasing copper content (to 24 at %) and, on the contrary, with decreasing tita nium concentration (to 49 at %) and increasing cop per concentration (to 26 at %), the critical tempera tures of the TMTs decrease significantly (Table 3) .
CONCLUSIONS
Thus, after heat treatment, the alloys with SME based on the stoichiometric composition Ti 50 Ni 25 Cu 25 in the form of long, thin, high strength ribbons pro duced by the method of free jet melt spinning possess fairly high strength properties, transformation induced plasticity (reversible deformation), and rela tive elongation. The variation in their chemical com position due to changing concentrations of titanium and copper (within ±1 at %) makes it possible to pre cisely control the critical temperatures of the start and finish of the forward and reverse thermoelastic mar tensitic transformation (TMTs) in practically impor tant ranges of 29-62°C, 20-55°C, 26-61°C, and 35-68°C, respectively. The results of the identifica tion of X ray diffraction patterns and the data on the chemical composition obtained by energy dispersive X ray analysis have not revealed the presence of possi ble excessive (second) phases in the alloys after their devitrification under the chosen regimes of heat treat ment. An analysis of the selected area electron dif fraction (SAED) patterns with a ringlike distribution of reflections made it possible to identify excess reflec tions (additional in comparison to those from the B2 and B19 phases), which, according to calculations, correspond to phases of the Ti 2 Ni, Ti 3 Ni 4 , and TiCu types and are excessive with respect to the stoichio metric alloy.
By comparing the data on the chemical composi tion of the RQM alloys, their microstructure (and, first of all, the average size of B2 grains), phase com position, critical temperatures of the TMTs, and mechanical properties, it may be concluded that the following four main factors are responsible for the observed effects:
(1) the effect of deviations proper of the chemical composition of the initial alloys from that of the sto ichiometric Ti 2 NiCu alloy;
(2) the existence of processes of crystallization and phase decomposition in B2 solid solutions supersatu rated with respect to the stoichiometric Ti 2 NiCu com position in the course of heat treatments; (3) the grain refinement upon the crystallization of amorphous alloys due to the barrier action of nonsto ichiometric alloying or due to already precipitated dis perse second phases; (4) the development of highly reversible B2 ↔ B19 TMTs and the size effect of the B2 grains on their crit ical temperatures. 
